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I ABSTRACT 

The r e s e a r c h  presented  he re in  c o n s t i t u t e s  a s tudy of 

methods of s t e r i l i z a t i o n  fo r  space probe components which can 

be u t i l i z e d  i n  an e f f o r t  t o  avoid t h e  inadve r t en t  contamination 

of e x t r a t e r r e s t r i a l  bodies.  The methods i n v e s t i g a t e d  were dry 

h e a t ,  i r r a d i a t i o n ,  and o t h e r  techniques inc luding  t h e  use  of 

chemical s t e r i l a n t s  ( l i q u i d  and gaseous)  and a s e p t i c  assembly. 

Emphasis has  been placed on the  use  of dry  h e a t  s t e r i l i z a t i o n  

processes .  Since sane e l e c t r o n i c  components a r e  damaged by 

temperatures h igher  than 120°C and s i n c e  l i t t l e  d a t a  exis ts  on 

the e f f e c t i v e n e s s  of dry  hea t  for  s t e r i l i z a t i o n  below l 5 O o C ,  

most of t h e  i n v e s t i g a t i o n  has been centered  on temperatures  i n  

t h i s  lower range. 

The s t u d i e s  r epor t ed  here  have at tempted t o  d e f i n e  t h e  

va r ious  b i o l o g i c a l ,  chemical,  and phys ica l  factors t h a t  could 

in f luence  t h e  e f f e c t i v e n e s s  of dry-heat  as a s t e r i l i z i n g  process .  

A l i s t  of the areas of i n v e s t i g a t i o n  follows: (1) t h e  sc reen ing ,  

i so l a t ion  and growth of organisms resistant t o  dry  h e a t ,  ( 2 )  t h e  

effects of time, temperature ,  s t r a i n  of microorganism, and con- 

c e n t r a t i o n  on t h e  e f f e c t i v e n e s s  of dry h e a t  s t e r i l i z a t i o n ;  (3) the  

effect  of t h e  phys ica l  carrier (paper  s t r i p ,  glass tube ,  sand, 

and ve rmicu l i t e )  on t h e  e f f e c t i v e n e s s  of dry  h e a t  s t e r i l i z a t i o n ;  

( 4 )  t h e  effects  of a i r ,  vacuum, i n e r t  gases ,  entrapment of 

organisms i n  non-aqueous l i q u i d  and on s o l i d s ;  (5)  methods f o r  
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s t e r i l i t y  t e s t i n g  of components a 
13 YIp2- 

ter  inocu-at ion w i t h  spores  of 

known resistance t o  dry  h e a t  and t h e  subsequent a p p l i c a t i o n  of 

adequate s t e r i l i z a t i o n  cyc le s .  

A summary of the f i n d i n g s  t o  date is as follows: 

1 - Mesophilic ae rob ic  spore-formers are,  i n  g e n e r a l ,  more 

r e s i s t a n t  t o  dry h e a t  than are t h e  anaerobic  and thermophil ic  

spore-forming bacteria. 

2 - The type of carrier markedly affects the dose r equ i r e -  

ments fo r  dry  h e a t  s t e r i l i z a t i o n .  

r e s i s t a n t ,  w i t h  sand, ve rmicu l i t e ,  glass and paper fol lowing i n  

t h a t  o rde r .  

S o i l  samples a r e  t h e  most 

3 - The gaseous environment a l s o  markedly in f luences  t h e  

Samples i n  a i r  are t h e  most time requ i r ed  f o r  s t e r i l i z a t i o n .  

r e s i s t a n t  w i t h  samples under helium and under l o w  vacuum (10-110-2 

mm Hg) being less r e s i s t a n t  r e spec t ive ly .  

4 - Entrapment of dry bacterial spores  i n  s o l i d s  d e f i n i t e l y  

i n c r e a s e s  the  dose of dry  hea t  requi red  fo r  s t e r i l i z a t i o n .  

5 - These d a t a  raise a ques t ion  concerning t h e  adequacy of 

the proposed 24 hour dry  hea t  cyc le  a t  a temperature of 125Oc. 
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11 INTRODUCTION 

Since t h e  first space sa te l l i t e  w a s  launched four  y e a r s  

ago, t he  quest ion of t he  o r i g i n  of l i f e  and the  p o s s i b i l i t y  of 

e x t r a t e r r e s t r i a l  l i f e  have been revived. Bejuki (3) l i s t e d  the  

prevention of b i o l o g i c a l  contamination between p l a n e t s  a s  one 

of t he  cha l lenges  of a s t r o b i o l o g i c a l  o r  exobio logica l  exp lo ra t ion .  

As Lederberg (15) has pointed o u t ,  t he  b e s t  approach t o  the  

study of extraterrestrial  l i f e  involves  microorganisms. Cameron (6)  

f u r t h e r  states the  most l o g i c a l  environment i n  which microorganisms 

might be found would be s o i l ,  whether they be indigenous o r  merely 

temporary contaminants.  Moreover, as Davies and Communtzis (11) 

r e p o r t ,  b i o l o g i c a l  contamination might d i s t o r t  t h e  f ind ings  of 

samplings of p r e b i o t i c  organic  substances on a c e l e s t i a l  body even 

i f  no l i v i n g  forms are found. It  i s  obvious then t h a t  such s t u d i e s  

would be s e r i o u s l y  jeopardized by contamination of c e l e s t i a l  

bodies wi th  terrestrial  microorganisms deposited as a r e s u l t  of 

hard landings of space probes.  

The hazards of such b i o l o g i c a l  contamination have been assessed  

by CETEX (Committee on Contamination f o r  E x t r a t e r r e s t r i a l  Explorat ion 

of t h e  I n t e r n a t i o n a l  Council of S c i e n t i f i c  Unions),  and c e r t a i n  

covenants regarding space explora t ion  have been formulated by t h i s  

group. Thus the  s t e r i l i z a t i o n  of space probes i s  requi red  by 

i n t e r n a t i o n a l  agreements designed t o  prevent contamination of 

e x t r a t e r r e s t r i a l  sites by t e r r e s t r i a l  microbes.  
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I n v e s t i g a t i o n s  by P h i l l i p s  and Hoffman (21)  and Cordaro 

and Wynne ( 9 )  have shown tha t  some of t h e  e l e c t r o n i c  components 

p re sen t ly  employed i n  the cons t ruc t ion  of space probes are 

contaminated w i t h  microorganisms. S tud ie s  by Davis e t  a1 (12)  f u r t h e r  

show t h a t  the s imulated environmental cond i t ions  of o u t e r  space 

w i l l  no t  n e c e s s a r i l y  s t e r i l i z e  probes cons t ruc ted  w i t h  such components. 

Several  methods f o r  ob ta in ing  steri le space probes have been 

suggested by Davies and Cormnuntzis (ll), P h i l l i p s  and Hoffman (22), 

Wynne ( 3 l ) ,  Nowitzski (17), Opfe l l  (18) and J a f f e  (14)  i nc lud ing  

s te r i le  assembly, b u i l t  i n  o r  s e l f - s t e r i l i z a t i o n ,  and te rmina l  

s t e r i l i z a t i o n  o r  any combination of such processes .  

h e a t ,  i r r a d i a t i o n ,  and chemicals have been suggested fo r  t e n n i n a l  

S t e r i l i z a t i o n .  Our primary r e sea rch  task has been t h e  i n v e s t i g a t i o n  

of t he  use  of d ry  h e a t  for  t h e  terminal s t e r i l i z a t i o n  of e l e c t r o n i c  

components p r i o r  t o  assembly of t h e  space probe. A t  t h e  time of 

launch, the entire space probe is presently surface sterilized 

w i t h  gaseous e thy lene  oxide.  

The use  of 

J a f f e  ( 1 4 )  has  r e c e n t l y  recammended t h a t  t h e  p r e f e r r e d  technique 

should be, if a t  a l l  p o s s i b l e ,  dry h e a t  i n  t h e  f i n a l  sealed 

c o n t a i n e r  w i t h  no access penx l t t ed  or  mechanically p o s s i b l e  the re -  

a f te r ,  except  w i t h  complete r e s t e r i l i z a t i o n  by h e a t .  

Our r e sea rch  has followed t h e  l i n e s  of accepted thermal d e a t h  

s t u d i e s  so a s  t o  d e f i n e  a dry hea t  process i n  terms of achiev ing  

t h e  s t e r i l i z a t i o n  requirement.  The r e p o r t  by J a f f e  (14)  examines 



the sterilization requirements for unmanned lunar and planetary 

missions and evaluates the required degree of assurance necessary 

so as not to contaminate extraterrestrial environments. 
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1 1 1 - A  REVIEW OF LITERATURE ON DRY 
HEAT STERILIZATION 

A b r i e f  review of t h e  l i t e r a t u r e  on dry  h e a t  s t e r i l i z a t i o n  

has  revea led  t h a t  t h e r e  i s  a d e a r t h  of information on t h i s  

s u b j e c t ,  e s p e c i a l l y  a t  temperatures below 150°C. While dry  

heat is used fo r  t h e  s t e r i l i z a t i o n  of h o s p i t a l  s u p p l i e s ,  t h e  

s t e r i l i z i n g  c y c l e s  thus  employed have been based on t h e  d e s t r u c t i o n  

of spores  from pathogenic microorganisms. Perk ins  (lg), i n  an 

a n a l y s i s  of dry  h e a t  s t e r i l i z a t i o n  f o r  h o s p i t a l  s u p p l i e s ,  has 

shown t h e  s e r i o u s  i n c o n s i s t e n c i e s  i n  r e s u l t s  ob ta ined  by ear l ier  

i n v e s t i g a t o r s  of the dry  h e a t  resistance of spores  of s e v e r a l  

bacterial  spec ie s .  

Recent ly ,  Darmady, Hughes, and Jones (10) recommended 45 m i n .  

a t  160°C and 18 m i n  a t  170°C f o r  the dry h e a t  s t e r i l i z a t i o n  of 

s m a l l  h o s p i t a l  instruments .  These va lues  were based on t h e  

d e s t r u c t i o n  of t e t a n u s  spo res ,  which were more r e s i s t a n t  t o  d ry  

h e a t  t h a n  spores  of Bacillus stearothermophilus. Small samples 

of  s o i l  were more r e s i s t a n t  t o  s t e r i l i z a t i o n  than the  b a c t e r i a l  

spore  p r e p a r a t i o n s ,  b u t  they concluded t h a t  t h e  ins t ruments  

would have been damaged by s t e r i l i z i n g  c y c l e s  based on t h e  s t e r i l i z a -  

t i o n  time f o r  soil. 

Nearly a l l  of the fundamental work on mechanisms and k i n e t i c s  

of thermal d e a t h  of microorganisms has  been provided o r  supported 

by t h e  food indus t ry .  U n t i l  15 yea r s  ago mois t  h e a t  w a s  t h e  c h i e f  
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s t e r i l i z i n g  agent  of t h a t  i ndus t ry ;  bu t  t h e  advent of a s e p t i c  

canning procedures i n  which cans and covers  a r e  s t e r i l i z e d  by 

superheated steam o r  o t h e r  ho t  gases  have renewed i n t e r e s t  i n  

t h e  study of microbia l  r e s i s t a n c e  t o  dry hea t .  

C o l l i e r  and Townsend (8) repor ted  a comparison of b a c t e r i a l  

r e s i s t a n c e  t o  superheated steam and gases  of l o w  water conten t .  

They found t h a t ,  a l though dry hea t  is  usua l ly  considered as one 

e n t i t y ,  microorganisms a r e  more resistant t o  d e s t r u c t i o n  by hot  

gases  of low water conten t  than t o  superheated steam. 

Pflug a l s o  (20) has determined the  r e s i s t a n c e  of spores  of 

Bac i l lu s  s u b t i l i s  s t ra in  5230 t o  superheated steam. 

Vera (30) has repor ted  on methods and techniques regarding 

s t e r i l i t y  t e s t i n g  and t h e  con t ro l  of e f f i c i e n c y  of s t e r i l i z a t i o n  

techniques,  inc luding  dry hea t  a t  several temperatures below 1 5 0 " ~ .  

Ext rapola t ions  of g raph ica l  p l o t s  from the  d a t a  of t hese  

workers w i th  s p e c i f i c  microorganisms ind ica t ed  t h a t  10-25 

hour c y c l e s  a t  120°C were necessary t o  k i l l  populat ions of 1 

m i l l i o n  t o  1 b i l l i o n  spores .  U n t i l  more d a t a  becomes a v a i l a b l e  

hot  a i r ,  hot  i n e r t  gases ,  dry hea t  i n  a vacuum, and superheated 

steam should not  be accepted as equiva len t  sources  of dry hea t  

s t e r i l i z a t i o n .  I n  a d d i t i o n ,  t he  need f o r  more bas i c  thermal 

resistance s t u d i e s  a t  temperatures around l 2 O - l 2 5 O C  w a s  q u i t e  

obviously i n  o rde r  t o  confirm the  above e x t r a p o l a t i o n .  The 
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reason for choosing temperatures i n  th i s  range, or below, is 

that temperatures above th i s  l e v e l  have de leter ious  effects on 

some of the e l ec tron ic  components presently used i n  the assemblies 

of space probes. 
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111-B REVIEW OF DOSE CALCULATIONS FOR DRY HEAT STERILIZATION 

The d a t a  obtained from any r e sea rch  on s t e r i l i z i n g  processes  

must be expressed i n  meaningful terms. 

concepts t h a t  have been developed by t h e  food indus t ry  f o r  moist  

h e a t  by B a l l  and Olsen  ( 2 )  and f o r  moist  hea t  and r a d i a t i o n  

s t e r i l i z a t i o n  by Schmidt (25,26) are app l i cab le  t o  d a t a  obtained 

from s t u d i e s  on dry hea t  s t e r i l i z a t i o n .  Any c a l c u l a t i o n  of dose 

requirements f o r  dry hea t  s t e r i l i z a t i o n  should be based, u n t i l  

proven otherwise,  on concepts similar t o  those.  A thorough 

review of mechanism of dea th ,  o rder  of dea th ,  and mathematical  

cons idera t ions  f o r  dose c a l c u l a t i o n s  f o r  microbia l  dea th  cannot 

be given i n  t h i s  r e p o r t .  More con tac t  w i th  these  concepts can be 

obtained from t h e  chapter  on thermal resistance of microorganisms 

by C .  F. Schmidt i n  Reddish (25). 

The terminology and 

I n  Appendix A of t h i s  r e p o r t  a b r i e f  d i scuss ion  is presented 

on dose calculations and a comparison of the experimental and 

a c t u a l  dose l e v e l s  for  some of t h e  b a c t e r i a l  spores  inves t iga t ed  

i n  t h i s  study. 

I n  t h i s  r e p o r t  only D values  (time t o  reduce a given microbia l  

populat ion go$ o r  one log i n  coun t ) ,  F values  (t ime t o  s t e r i l i z e  a 

given microbia l  population a t  a given temperature) ,  and z values  

(s lope of the  thermal dea th  time curve expressed i n  degrees F t o  

t r a v e r s e  one log cyc le )  w i l l  be used t o  r e p o r t  our r e s u l t s  and the  

following i s  presented by way of in t roduct ion .  
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Dry hea t  D values  may be ca l cu la t ed  from p a r t i a l  s u r v i v a l  

d a t a  by the  equat ion t h a t  Stumbo (27) has app l i ed  t o  such 

d a t a  from moist  hea t  s t u d i e s :  

where A is t h e  t o t a l  number of samples heated 
mul t ip l i ed  by the  number of spores  pe r  sample, 

B is ca lcu la t ed  by assuming one surv iv ing  spore 
pe r  sample when less than t h e  to ta l  number of 
samples show s u r v i v a l ,  

and t is  the  exposure time a t  a given temperature 
t h a t  g ives  s t e r i l i z a t i o n  of some but  no t  of a l l  of 
t h e  samples. 

It is also poss ib l e  t o  c a l c u l a t e  D values  from surv ivor  curves  

t h a t  show a logari thmic order  of death.  The D value frm a 

logari thmic surv ivor  p l o t  is t he  r ec ip roca l  of t h e  "k" value 

obtained from t h e  s lope  of t he  curve.  

F values  can be determined experimentally o r  can be der ived  

from 0 values  by the  following equat ions of Schmidt (26): 

(1) F I D (108 A+2) 

where A is t h e  number of spores  pe r  r e p l i c a t e ,  o r  

(2) F - D ( log M+1) 

where M is equal  t o  t h e  number of spores  per  
r e p l i c a t e  times t h e  number of r e p l i c a t e s .  

The l a t t e r  formula has been employed i n  our c a l c u l a t i o n s .  
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IV PREPARATION OF BIOLOGICAL INDICATORS ON VARIOUS CARRIERS 

A. Pure Culture  Spore Preparat ions:  Organisms which have been 

repor ted  a s  having some degree of r e s i s t a n c e  t o  var ious  steril- 

i z a t i o n  agents  a s  w e l l  a s  some of the  organisms commonly 

employed a s  b i o l o g i c a l  i n d i c a t o r s  were s e l e c t e d  t o  be included 

i n  this  study. The v a r i e t y  of organisms (see Appendix B )  covers  

many of t h e  types of microorganisms repor ted  t o  be r e s i s t a n t  t o  

hea t  and inc ludes :  aerobes,  anaerobes,  mesophiles,  thermophiles,  

molds and r e s i s t a n t  isolates, most of which happen t o  f a l l  i n t o  

t h e  gram p o s i t i v e  sporeforming b a c i l l u s  group. After the  i n i t i a l  

screening only those organisms which proved t o  be the  most 

resistant were used i n  t h e  extended s t u d i e s .  I t  is a n  accepted 

fact  t h a t  t he  b a c t e r i a l  spore i s  more hea t  res is tant  than the  

vege ta t ive  ce l l  form. Thus i n  t h e  use of t he  more r e s i s t a n t  

b a c t e r i a l  spores  a s  b i o l o g i c a l  i n d i c a t o r s  f o r  s t e r i l i z a t i o n  

t h e r e  is an  inhe ren t  s a f e t y  f a c t o r  regarding non-spore producing 

microorganisms. 

Washed s tock  spore suspensions of all aerobic  sporeformers 

except  B. s u b t i l i s  var .  n i g e r ,  B.  s tearothermophilus s t r a i n  - - 
1518, and - B. coagulans were obtained from growth on n u t r i e n t  

aga r  w i th  one ppm Mn. B. s u b t i l i s  var .  n ige r  w a s  sporu la ted  - 
i n  t h e  casein a c i d  d i g e s t  b ro th  of Roth, Lively,  and Hodge (25), 

B. stearothermophilus s t r a i n  1518 on n u t r i e n t  agar  w i t h  10 ppm Mn, 

and - B. coagulans on the  agar  medium of Rice and Pederson ( 2 4 ) .  
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Spores of t h e  c l o s t r i d i a l  spec ie s  were obtained from 1% 

t r y p t i c a s e  b ro th  according t o  Brown, Ordal ,  and Halvorson ( 4 )  

o r  modi f ica t ions  of t h a t  medium. Asperg i l lus  n i g e r  and 

Streptomyces g r i s e u s  were sporu la ted  on Cook's No. 2 Agar and 

glucose y e a s t  e x t r a c t  aga r ,  r e spec t ive ly .  A l l  spore suspensions 

were harvested by washing them off o r  c e n t r i f u g i n g  them from 

t h e  sporu la t ing  medium, washing a t  l e a s t  t h r e e  times w i t h  s ter i le  

d i s t i l l e d  wa te r ,  hea t  shocking r e spec t ive ly  as noted i n  Appendix 

B and then he ld  r e f r i g e r a t e d  i n  d i s t i l l e d  water.  Working s tock  

suspensions,  d i l u t e d  t o  produce t h e  des i r ed  concent ra t ions  of 

spores ,  were a l s o  held r e f r i g e r a t e d  i n  d i s t i l l e d  water. Severa l  

p repara t ions  of  each qrganism were made t o  back up t h e  program 

i n  case of  decrease o r  he te rogenic i ty  i n  resistance of any one 

prepara t ion .  

I n  our s t u d i e s  wi th  var ious b a c t e r i a l  sporeformers,  we  

attempted t o  s imulate  var ious environmental condi t ions  and achieve 

the maximum resistance poss ib l e  f o r  any one s p e c i f i c  organism. 

Since t h e r e  was no d a t a  on t h e  e f f e c t  of phys ica l  carriers on 

microbia l  resistance t o  dry hea t  s t e r i l i z a t i o n ,  s e v e r a l  carriers 

were included i n  t he  s t u d i e s .  The types and prepara t ion  of each 

a r e  given below: 

1 - Spore prepara t ions  d r i e d  on paper strips: Small samples 

(0.01 m l )  of washed spore suspensions of known count were i n -  



-13- 

oculated on t o  s te r i le  bibulous f i l t e r  paper s t r i p s  (0.25 x 2 i n )  

and a i r  d r i e d .  

a l l  s t r i p s  and the  home-made d rye r  s t e r i l i z e d  between preps so 

as  t o  e l i m i n a t e  c r o s s  contamination. Standard cond i t ions  f o r  

drying were 45°C dry bulb and 26OC w e t  bulb f o r  5 m i n .  These 

s t r i p s  were then b o t t l e d ,  coded, assayed by blending s e v e r a l  

s t r i p s  w i t h  99 m l  of s teri le water each i n  a Waring blender  cup 

f o r  3 m i n ,  hea t  shocking a 5 m l  a l i q u o t ,  and p l a t i n g  on the  ap- 

p r o p r i a t e  medium. The l o t  w a s  then he ld  f o r  thermal r e s i s t a n c e  

s t u d i e s  . 
2 - Spore prepara t ions  d r i e d  i n  g l a s s  tubes:  Equivalent amounts 

of t he  same spore suspensions were p i p e t t e d  onto t h e  bottom of 

150 x 16 mm screw cap steri le pyrex tubes and, w i th  caps removed, 

t h e  tubes were placed i n  a des i cca to r  a t  room temperature for 2 

days. These preps were then capped wi th  steri le dry screw caps 

and seve ra l  were assayed by washing o f f  t h e  g l a s s  by p lac ing  10 m l  

of steri le water i n t o  each of the  tubes ,  af ter  which t h e  tubes 

were mechanically a g i t a t e d  f o r  10 min., hea t  shocking a 5 ml a l i q u o t ,  

and then p l a t i n g  on the  appropr i a t e  medium. 

3 - Spore p repa ra t ions  d r i e d  i n  sand: Small  samples (0.10 m l )  

of t h e  same washed spore suspensions used f o r  paper s t r i p s  and 

tubes (but  d i l u t e d  10 f o l d )  were inocula ted  as evenly as poss ib l e  

i n t o  2 g q u a n t i t i e s  of s te r i le  c lean  play sand i n  150 x 16 mm pyrex 

screw cap tubes.  

The a i r -d ry ing  procedure was s tandard ized  f o r  

The inoculum was added as slowly a s  poss ib l e  and 
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t h e  sand continuously mixed t o  a s s u r e  some degree of  uniform 

d i spe r s ion .  These tubes were then placed,  w i th  caps removed, 

i n  a d e s i c c a t o r  a t  50°C f o r  2 days.  

d r i e d  were then capped wi th  s ter i le  screw caps.  Severa l  samples 

were assayed by mechanically shaking f o r  10 min. w i t h  9.9 ml 

s te r i le  water, hea t  shocking a 5 ml a l i q u o t ,  and then p l a t i n g  on 

These preps a f t e r  being 

t h e  appropr i a t e  medium. The rest of the  l o t  w a s  he ld  f o r  thermal 

r e s i s t a n c e  s t u d i e s .  

4 - Spore p repa ra t ions  d r i e d  i n  vermicul i te :  

(0.10 ml) of t h e  same d i l u t e d  washed spore suspensions used fo r  

Small a l i q u o t e  

p repa ra t ions  d r i e d  i n  sand were inocula ted  as evenly as p o s s i b l e  

onto 0.1 g q u a n t i t i e s  of s te r i le  p a r t i c u l a t e  granules  of  ve rmicu l i t e  

i n  150 x 16 nun screw cap tubes.  This type of  p repa ra t ion  w a s  

then d r i e d ,  etc. i n  t h e  same manner as t h e  preps d r i e d  i n  sand. 

Thus b i o l o g i c a l  i n d i c a t o r s  were prepared i n  t h e  above manner 

so t h a t  each had e q u i v a l e n t  numbers of spores per  carrier from 

each stock spore suspension. Assays w e r e  performed t o  e s t a b l i s h  

t h e  l e v e l s  of spores  i n  t h e  washed, hea t  shocked, s t o c k  suspensions 

as w e l l  a s  on t h e  f i n a l  p repa ra t ions  a t  var ious  i n t e r v a l s  throughout 

t h e  course of t h i s  work. 

off s i g n i f i c a n t l y .  

The dry  spore p repa ra t ions  d i d  n o t  f a l l  

B - S o i l  Samples: Samples of s ix  soils were obtained from var ious  



-15- 

sources.  An eva lua t ion  of t h e i r  n a t u r a l  microbia l  f l o r a  which 

provided a spectrum of organisms wi th  r e spec t  t o  v a r i e t y  and 

hea t  r e s i s t a n c e  as b i o l o g i c a l  i n d i c a t o r s  w a s  undertaken (1) since 

s p i l  may p r o t e c t  organisms a g a i n s t  agents  which might  kill un- 

sh ie lded  cel ls  and (2 )  spores  i n  soil were shown by Darmady -- e t  a1 

(10) t o  r e q u i r e  longer  times t o  steri l ize t h a n  o t h e r  types  of 

biological i n d i c a t o r s .  

from d e s e r t  and dry  areas; farm yards where horses ,  cows, and 

chickens were kept ;  and soil taken from a n  a c t i v e  garden. 

Samples included a v a r i e t y  of soils chosen 

Each of t h e  six soils was passed through a screen (about 40 

mesh) a f t e r  being d r i e d  a t  50°C f o r  one week and t h e  large p ieces  

of d e b r i s  had been removed. 

l o t  and s t o r e d  i n  a dry screw-capped b o t t l e  a t  room temperature 

during t h e  course of t h i s  study. One- ten th  gram q u a n t i t i e s  of 

these  soils were weighed ou t  i n t o  sterile 150 x 16 mm screw cap 

test tubes and capped t ight ly  u n t i l  used. 

Each sample w a s  coded as  a sepa ra t e  

I n  a d d i t i o n  t o  using t h e  soil w i t h  i t s  n a t u r a l  f l o r a ,  we  

i s o l a t e d  the  predominantly more r e s i s t a n t  organisms from s e v e r a l  

soils r equ i r ing  t h e  longes t  times t o  s t e r i l i z e .  Such isolates 

were handled then the same as the  o t h e r  pure c u l t u r e s  and similar 

p repa ra t ions  d r i e d  on each of t h e  carriers. 

heat r e s i s t a n c e  of these organisms was approximately t h e  same as 

The r e l a t i v e  dry 

t h a t  of t he  more resistant known organisms. 
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V STUDIES ON THE RESISTANCE OF DRY MICROBIAL SPORES TO MOIST 
AND DRY HEAT 

I n  earlier s t u d i e s  we had inves t iga t ed  t h e  r e l a t i v e  r e s i s t a n c e  

of dry  spores  of  - B. s u b t i l i s  var. n i g e r  and - B. s tearothermophilus  

strain 1518 t o  moist  and dry  hea t  s t e r i l i z a t i o n .  Spore s t r i p s  

were placed i n  150 x 16 m screw-cap tubes,  w i t h  t h e  lat ter 

loosened, were then heated i n  test tube p o r t s  i n  t h e  c y l i n d r i c a l  

aluminum block w i t h  a covering l i d .  (Appendix C. figure 2. )  

After the hea t ing  pe r iod ,  t h e  spore  s t r i p s  were a s e p t i c a l l y  removed 

from t h e  tubes  and placed i n  t r y p t i c a s e  soy broth (BBL)I and i n -  

cubated a t  32OC for  - B. s u b t i l i s  var. niger and a t  55°C for  

- B. stearothermophilus  s t r a i n  1518. Thermal dea th  t imes (F va lues )  

were determined a t  i n t e r v a l s  of 18OF i n  t h e  temperature range of 

248-356"F. The thermal dea th  time curves t h a t  were p l o t t e d  fram 

t h e s e  data a r e  shown i n  Figure 1. 

A direct  camparison of t h e  F values  from these  curves is not 

poss ib l e  because t h e  concent ra t ion  of spores  f o r  B. s u b t i l i s  var .  

niger w a s  1 x lo6 per  s t r i p ,  while  t h e  spore concent ra t ion  for  

- B. stearothermophilus  s t r a i n  1518 w a s  5 x 1 6  per  s t r i p .  

which are independent of i n i t i a l  spore concent ra t ion ,  were c a l c u l a t e d  

- 

D values ,  

and showed t h a t  dry  spores  of B. s u b t i l i s  var .  n i g e r  was 3.5 t o  5 - 
t imes more r e s i s t a n t  t o  dry hea t  than dry  spores  of B. e tearo-  - 
thermophilus s t r a i n  1518. 

1. Baltimore Bio logica l  Laboratory,  Lnc., Baltimore 18, Maryland. 



In a correlated study with moist heat, where the spore strips 

were placed in glassine envelopes and positioned centrally in a 

thermocouple-monitored autoclave, the spore strips for - B. stearo- 

thermophilus strain 1518 required 25 min. at 2 5 0 ~ ~  for steriliza- 

tion, whereas the spore strips of - B. subtilis var. niger were 

sterilized in less than 5 min. at 230°F. The dry spores of - B. 
stearothermophilus strain 1518 were far more resistant than the 

dry spores of - B. subtilis var. niger to moist heat sterilization. 
In contrast, however, the dry spores of - B. subtilis var. niger 

were 3 to 5 times more resistant than the dry spores of - B. stearo- 

thermophilus strain 1518 to dry heat sterilization in the temperature 

range studied . 
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V I  STUDIES ON RESISTANCE OF MICROBIAL SPORES TO DRY HEAT 

A. DRY HEAT STUDIES AT 120'C: 

The s t u d i e s  w i t h  dry  hea t  were concerned i n  a s c e r t a i n i n g  

whether or n o t  a dry  h e a t  c y c l e  of l 2 5 O C  for  24 hours would be 

adequate t o  s t e r i l i z e  e l e c t r o n i c  components. 

which NASA recamended a t  that time based on an e x t r a p o l a t i o n  

This  was t h e  c y c l e  

of previously mentioned published d a t a  a t  h igher  temperatures.  

The temperature of l25OC had been selected because of the known 

s e n s i t i v i t y  of c e r t a i n  e l e c t r o n i c  components t o  h igher  temperatures.  

Our first e f f o r t s  were designed t o  confirm the s t e r i l i z a t i o n  

of small s o i l  samples, and spores  of known b a c t e r i a l  s p e c i e s  

he ld  on s e v e r a l  carriers a t  temperatures of 120% and l 2 5 O C  i n  

t h e  c y l i n d r i c a l  aluminum blocks. 

S i x  so i l s  that had been prepared as noted i n  Sec t ion  IV-B 

were also screened for  t h e i r  r e s i s t a n c e  t o  d ry  h e a t  s t e r i l i e a t i o n  -- 

at 1 2 0 ~ ~ .  Sterilization times of from 35 t o  60 hours were obtained.  

The two most r e s i s t a n t  so i l s ,  FG and CO, were selected for  

s t e r i l i z a t i o n  s t u d i e s  i n  t h e  temperature range of 120-160Oc. 

r e s u l t s  are given i n  Sect ion VI-F. 

These 

I n  at tempting t o  confirm t h e  r e l i a b i l i t y  of t h e  e x t r a p o l a t e d  

s t e r i l i z a t i o n  c y c l e ,  our  research requi red  t h e  performance of 

p a r t i a l  s u r v i v a l  tests employing no less than 5, and u s u a l l y  6, 

samples i n  any one run for each contaminated carrier and for  most 
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of t h e  organisms l i s t e d  i n  Appendix B a t  var ious  temperatures.  

A t  least three sepa ra t e  runs  w e r e  made for  each organism on any 

one carrier. 

i n  Appendix B. 

The recovery medium employed i n  each case i s  l i s t e d  

The d a t a  for  t h e  dry hea t  r e s i s t a n c e  of s e v e r a l  mesophi l ic  

sporeformers on t h e  var ious  carriers a t  12OOC are given i n  Table 1. 

An a n a l y s i s  of t h e s e  D values  by organisms showed that - B. s u b t i l i s  

var .  n i g e r ,  B. coagulan5, and s o i l  isolate-69C were t h e  most 

resistant members i n  t h i s  test series. It should be noted that 

the spore ha rves t  of - B. s u b t i l i s  5230 shows high h e a t  r e s i s t a n c e  

was obtained from growth on n u t r i e n t  agar w i t h  LO ppm Mn and O.m$ 

glucose as compared wi th  t h e  less r e s i s t a n t  ha rves t  fram n u t r i e n t  

aga r  w i t h  one ppm Mn. The u n i d e n t i f i e d  sporeformers isolated 

from hea t  t r e a t e d  samples of s o i l  t h a t  had high r e s i s t a n c e  to  d ry  

heat s t e r i l i z a t i o n  possessed h e a t  r e s i s t a n c e  comparable t o  t h a t  

observed for  known sporeformers. 

An a n a l y s i s  of Table 1 by carriers shows that t h e  spore  

samples on sand were always more hea t  resistant than t h e  samples 

on paper or glass. 

i n  Table 1, i t  should be noted t h a t  they f r equen t ly  tended to  be 

more r e s i s t a n t  t o  s t e r i l i z a t i o n  than t h e  sand samples, bu t  t h e  

v a r i a t i o n  i n  s t e r i l i z a t i o n  t i m e  f o r  t h e  ve rmicu l i t e  samples made 

t h e  c a l c u l a t e d  D values  d i f f i c u l t  t o  i n t e r p r e t .  

Although t h e  ve rmicu l i t e  samples are l is ted 

The i n c l u s i o n  
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of thermocouples i n  t h e  samples showed an increased  lag of only a 

f e w  minutes f o r  t h e  sand and vermicul i te  samples. Same unknown 

phys ica l  f a c t o r  or f a c t o r s  are respons ib le  f o r  t h e  d i f f e r e n c e  i n  

hea t  r e s i s t a n c e  of t h e  spores  on t h e  var ious  carriers. 

The dry hea t  r e s i s t a n c e  of s e v e r a l  c l o s t r i d i a  and - B. s t ea ro -  

thermophilus s t r a i n  1518 on t h e  var ious  carriers a t  12OOC is  

given i n  Table 2. 

of sporeformers has l / 3  t o  1 /4  of t h e  d ry  hea t  r e s i s t a n c e  of t h e  

mesophilic ae rob ic  sporeformers descr ibed i n  Table 1. 

r e s i s t a n c e  of t h e  spore samples on sand as compared t o  the samples 

W h a t  is  immediately s t r i k i n g  is  that t h i s  group 

The increased  

on paper and glass i s  similar t o  t h e  r e s u l t s  noted in Table 1. 

Spores of Asperg i l lus  niger and S t r e p t m y c e s  g r i s e u s  have also been 

assayed for t h e i r  d ry  hea t  r e s i s t a n c e ,  and t h e  d a t a  i n d i c a t e s  t h a t  

t h e i r  resistance i s  less than that of t he  o t h e r  organisms i n  Tables 

1 and 2. 

which w e r e  obtained w e r e  similar to those for - S .  griseus.  

S p e c i f i c  values  f o r  - A. n i g e r  are not  l i s t e d ,  bu t  those 
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VI-B DRY HEAT STUDIES AT 1250~: 

I n  order  t o  confirm and back-up the  d a t a  a t  120"C, as noted 

i n  t he  previous s e c t i o n ,  a series of  s t u d i e s  w a s  undertaken t o  

determine t h e  h e a t  r e s i s t a n c e  of t h e  same organisms on t h e  same 

carriers a t  125°C. 

The r e s u l t s  of t hese  s t u d i e s  are given i n  Tables 3 and 4. 

The same t rends  and conclusions were reaff i rmed,  i.e., the  

mesophilic aerobic  sporeformers were more resistant t o  dry heat 

s t e r i l i z a t i o n  than were the  spores  from thermophilic o r  anaerobic  

sporefonners,  and spores  c a r r i e d  on samd were more resistant t o  

hea t  than those c a r r i e d  on paper s t r i p s  o r  g l a s s .  
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V I - C  DRY HEAT STUDIES AT TEMPERATURES OTHER THAN 120OC:  

S tud ie s  have r e c e n t l y  been i n i t i a t e d  t o  determine t h e  

resistance of s e v e r a l  of t h e  more resistant sporeforming organisms 

a t  temperatures above and below 1 2 0 ° C ,  p a r t i c u l a r l y  a t  80°C and 

100°C and a t  130-160"c range. 

only w i t h  a s i n g l e  carrier. 

y i e l d  curves  which w i l l  de f ine  t h e  s t e r i l i z a t i o n  t ime r equ i r ed  a t  

any given temperature i n  t h e  range noted. 

These s t u d i e s  however are conducted 

It is hoped the  r e s u l t i n g  d a t a  w i l l  

Preliminary r e s u l t s  of such s t u d i e s  are given i n  Tables 5 and 

6. These.values when sketched on a curve w i t h  those  a l r eady  

e s t a b l i s h e d  a t  1 2 0 ° C  and 1 2 5 ° C  do show a l inear r e l a t i o n s h i p  a t  

temperatures above 1 2 O o C ,  however, the curve i s  s l i g h t l y  askew 

below 1 2 0 ° C .  

t h i s  problem. 

Work is  i n  progress  which should f u r t h e r  i l l u m i n a t e  
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V I - D  DRY HEAT STUDIES EMPLOYING VARIOUS ENVIRONMENTS : 

An examination of t h e  chemical and phys ica l  cond i t ions  tha t  

may p e r t a i n ,  because of materiel characteristics and manufacturing 

condi t ions ,  during t h e  dry hea t  s t e r i l i z a t i o n  of  e l e c t r o n i c  

components i nd ica t ed  the  need for i n v e s t i g a t i n g  t h e  effect of 

vacuum, i n e r t  gases ,  o r  entrapment of spores  wi th in  s o l i d s  (Sect ion 

VI -E)  on s t e r i l i z a t i o n  by dry  hea t .  

I n  prel iminary s t u d i e s ,  spores  of t h e  var ious  organisms on t h e  

four  carriers and s o i l  were subjec ted  t o  dry h e a t  s t e r i l i z a t i o n  i n  

a vacuum ovenl.  preheated t o  120'C. 

cor rec t ed  f o r  h e a t  and vacuum l a g s .  

reach t h e  d e s i r e d  temperature ( i n  t h i s  case 120 C) were i n  t h e  

range of 1.5 h r s .  

found t o  be approximately 20 min. 

from t h i s  system is  given i n  Table 7. 

when compared w i t h  the s t e r i l i z a t i o n  times i n  a i r ,  a d e f i n i t e  

t r end  of decreased s t e r i l i z a t i o n  times f o r  a l l  samples, except 

t h e  so i l s ,  when heated i n  a vacuum. 

Vacuum oven d a t a  were un- 

Heat lags, times necessary t o  

Vacuum l a g s  ( t o  get  t o  10-1-10'2 nnn Hg) were 

The prel iminary d a t a  obtained 

The r e s u l t s  i n d i c a t e ,  

The vacuum t h a t  has been employed i n  our  work i s  low (10-1-10-2 

mm Hg). 

spore samples on sand noted i n  Tables 1 and 2 i s  decreased t o  

Even w i t h  t h i s  l i m i t a t i o n  t h e  increased  resistance of t h e  

- 0 0  --.. 
1 Freas  Vacuum Oven, P rec i s ion  S c i e n t i f i c  Co., Chicano. I l l i n o i s .  
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found f o r  spores  

h o r t e r  time f o r  

on paper s t r i p s  s t e r i l i z e d  

t e r i l i z a t i o n  i n  t h e  

presence of a low vacuum than i n  a i r  a t  12OOC has been found for  

a l l  of the  spec ie s  of b a c t e r i a l  spores  t e s t e d  on paper s t r i p s ,  

t h i s  effect  i s  n o t  exh ib i t ed  by a l l  spore crops for  a given organism. 

Davis,  Silvennan, Goldbl i th ,  and Keller (12) have s tud ied  

t h e  v i a b i l i t y  of microbia l  spores  a t  u l t r a h i g h  vacuums (loo8 t o  

10-9 mm Hg) a t  temperatures from - 1 l O C  t o  +88C. 

temperatures they found a d e f i n i t e  decrease i n  t h e  thermal 

resistance of microbial spores  i n  t h e  presence of a high vacuum 

a s  compared t o  t h e i r  thermal r e s i s t a n c e  a t  atmospheric pressure .  

A t  t h e  h igher  

Por tner  -- e t  a l .  (22) repor ted  t h a t  t h e  v i a b i l i t y  of - B. s u b t i l i s  

and some o t h e r  microbia l  spec ie s  was not  a f f e c t e d  by a 5 day 

exposure t o  p re s su res  as low as 2 x 

Bakanauskas (1) repor ted  t h a t  exposing organisms, inc luding  - B. 

s u b t i l i s  t o  prolonged treatment a t  1 x 10-5 t o  5 x 10-7 rnm Hg 

f o r  per iods  up t o  32 days,  w i th  the  exception of - B. ce reus ,  d i d  

not  kill them. Brueschke e t  a1 (5) however, repor ted  t h a t  

exposure t o  p re s su res  of 8 x loo8 t o  6 x 10-9 mm Hg f o r  30 days 

would render  his tes t  organisms, including B.  s u b t i l i s  nonviable.  

Conversely,  More l l i  (16) e t  a 1  has repor ted  t h a t  B. s u b t i l i s  

would surv ive  p re s su res  of loo8 mm Hg f o r  a period of  35 days.  

Hence it  was deemed necessary t o  i n v e s t i g a t e  t h e  combined effect  

mm Hg a t  room temperature.  

-- 

- 
-- - 
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of an e l eva ted  temperature and vacuum on microbial spores  and t o  

e l u c i d a t e  these  q u a n t i t a t i v e l y .  

To e l imina te  t h e  r a t h e r  l a r g e  l a g s  i n  t h e  vacuum oven 

system another  system (Fig.  1 of Appendix C )  was designed i n  

which these  l a g s  were g r e a t l y  decreased,  i f  n o t  e l imina ted ,  and 

allowed pe r iod ic  removal of samples without  a l t e r i n g  t h e  cond i t ions  

i n  the rest of the system and samples. This syBtem w a s  designed 

t o  accommodate dry  i n e r t  gases  as w e l l .  

The only b i o l o g i c a l  i n d i c a t o r s  employed i n  t h e  extended work 

were spore s t r i p s  of t h e  following organisms: - B. s u b t i l i s  va r .  n i g e r ,  

- B. coagulans,  Clostr idium sporogenes and Clostr idium perfringens.  

Due t o  t h e  r e l a t i v e l y  long per iods  of t i m e  r equ i r ed  t o  s ter i l ize  

spores  of - B. s u b t i l i s  v a r .  n i g e r  (5 h r s . )  and - B. coagulans (19 h r s . )  

a t  120 C ,  i t  was poss ib l e  t o  employ t h e  surv ivor  curve method of 

i n v e s t i g a t i o n .  

Quan t i t a t ive  recovery of  organisms from spore strips w a s  ac- 

camplished by blending t h e  strips i n  250 ml Waring semimicro metal 

blender  cups for  4 min a t  low speed, d i l u t i n g  i n  s ter i le  d i s t i l l e d  

water and p l a t i n g  a l i q u o t s  i n  t r i p l i c a t e .  B. s u b t i l i s  va r .  n i g e r  

w a s  assayed i n  t r y p t o s e  agar1 and - B. coagulans i n  Rice-Pederson 

agar (23) us ing  t h e  t r i p l e  l a y e r  p l a t i n g  technique. 

The c l o s t r i d i a l  spec ie s ,  due t o  t h e i r  lesser h e a t  resistance, 
I 

l e n t  themselves more r e a d i l y  t o  a p a r t i a l  s u r v i v a l  method of a n a l y s i s ,  

and were c u l t u r e d  d i r e c t l y  i n  t h i o g l y c o l l a t e  broth.2 

1,2 Baltimore Bio logica l  Labora tor ies ,  I n c . ,  Baltimore 18, Maryland. 
----..-- 
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A manifold,  such a s  i s  used i n  f reeze-dry ing ,  conta in ing  

p o r t s  f o r  24 rubber hoses was used i n  conjunct ion w i t h  a 120 C 

c o n s t a n t  c i r c u l a t i n g  magnet ical ly  stirred o i l  ba thL.  

test tubes  conta in ing  t h e  test spore s t r i p s  were connected t o  

t h e  manifold by vacuum tubing adap te r s .  The test tubes  were 

then completely immersed i n  the o i l  bath.  Spore s t r i p s  were 

placed a s e p t i c a l l y  i n  ind iv idua l  100 x 13 mm steri le cotton-plugged 

b a c t e r i o l o g i c a l  test tubes and a t  least 6 tubes  were included i n  

The 

any one run. 

for each test sample and prevented contamination from e n t e r i n g  

The c o t t o n  plug acted a s  an  ind iv idua l  a i r  f i l t e r  

w i t h  changes i n  atmosphere. 

This system could be evacuated, f i l l e d  w i t h  a gaseous 

atmosphere and moreover allowed t h e  pe r iod ic  removal of t h e  tubes  

conta in ing  t r e a t e d  samples without  a l t e r i n g  t h e  cond i t ions  i n  t h e  

remaining tubes.  The temperature of t h e  system w a s  monitored at 

several p o i n t s  po ten t iorne t r lca l ly  by a Honeywell  Brown Electronic 

Recorder2 and i ron-constantan thermocouples. 

was maintained a t  120 C* 0.5. 

The temperature 

Vacuum measurements were made by 

two McLeod gauges a t t ached  t o  t h e  manifold.  

va r i ed  between 50 and 200 u of mercury. 

i n  vacuum were not iced  when a sample tube w a s  removed. 

Vacuum i n  t h e  sys t em 

Only very small decreases  

Heat lags i n  t h i s  system af ter  ;immersion i n  the 120°C o i l  

------ 
1 Blue M Electric CO., Blue I s l a n d ,  Ill. 

2 Minneapolis-Honeywell Co., Phi lade lphia ,  Penna. 
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ba th  were approximately 4 min f o r  both gas  f i l l e d  and evacuated 

tubes thus  e l imina t ing ,  for  a l l  p r a c t i c a l  purposes,  t h i s  lag 

f a c t o r .  

t h e  system before  attachment of t he  sample tubes and t h e i r  

immersion i n  t h e  oil bath.  

Vacuum lag w a s  completely e l imina ted  by evacuat ion of 

I n e r t  gas experiments n e c e s s i t a t e d  the  removal of a i r  by 

drawing a vacuum, and replacement w i t h  d r i e d  helium. Vacuum- 

helium displacement-replacement f lu sh ings  were repea ted  t h r e e  

times before  t h e  f i n a l  admission of helium. During an exposure 

a small amount of heated gas  w a s  allowed t o  f l o w  cont inuously 

through t h e  system t o  in su re  a g a i n s t  a i r  leaks that would cause 

helium displacement i n  t h e  tubes  conta in ing  t h e  samples. 

water t r a p  ac t ed  as a s a f e t y  valve,  allowing t h e  excess i n e r t  gas 

t o  bubble ou t  and prevented contaminated a i r  from i nadve r t en t ly  

e n t e r i n g  t h e  system. 

s t e r i l i z e d  by us ing  hot gases. 

A 

When requi red  t h e  system could be e a s i l y  

Exposures under atmospheric condi t ions  were conducted by 

a t t a c h i n g  t h e  co t ton  plugged test tubes conta in ing  t h e  test spore  

s t r i p s  t o  t h e  manifold and opening t h e  system t o  t h e  atmosphere. 

Upon removal of t h e  tubes from t h e  system t h e  exposed spore s t r i p s  

were a s e p t i c a l l y  withdrawn from t h e  tubes ,  and appropr i a t e ly  

c u l t u r e d  a s  soon as poss ib le .  

Survivor curves  comparing t:he effects of vacuum, helium and 
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a i r  a t  120 C on - B. s u b t i l i s  va r .  n i g e r  and - B. coagulans are given 

i n  Figs .  2 and 3. All p o i n t s  i n  Figs .  2 and 3 rep resen t  a mean 

value of a t  least  fou r  sepa ra t e  exposures.  

produced the g r e a t e s t  reduct ion  i n  time requ i r ed  t o  a t t a i n  

s t e r i l i t y .  

The effect of vacuum 

A time reduct ion  of 8O$ was noted f o r  - B. s u b t i l i s  

var .  n i g e r  and as much as 40$ of - B. coagulans.  

helium i n  decreasing r e s i s t a n c e  of both organisms w a s  about h a l f  

that of vacuum as compared t o  such times i n  a n  atmosphere of a i r .  

The combined effects of t h e  d i f f e r e n t  atmospheres w i t h  dry hea t  

followed a logari thmic p a t t e r n  of v i ab le  spore d e s t r u c t i o n ,  after 

an i n i t i a l  l a g  phase i n  each case. 

f o r  a i r ,  less f o r  helium, and n e g l i g i b l e ,  i f  any, for  vacuum. 

The effect of 

The l a g  phase w a s  g r e a t e s t  

S imi l a r  effects on decrease i n  resistance of - C. sporogenes 

and C. per f r ingens  spores  were observed, and are presented i n  

terms of D values  i n  Table 8. 

resistance of t h e  spores  of t hese  two organisms and hence the 

r e l a t i v e l y  s h o r t  thermal dea th  t ime, and s i n c e  t h i s  made it 

Because of t h e  r e l a t i v e l y  l o w  

d i f f i c u l t  t o  follow v i a b l e  spore d e s t r u c t i o n  by p l a t e  counts ,  

p a r t i a l  s u r v i v a l  d a t a  w a s  obtained. 

w a s  6.8 x 106 f o r  C. per f r ingens  and 4.0 x lo6 f o r  C .  sporogenes. 

The l e v e l  of spores  p e r  s t r i p  

- - 
The t r ends  of decreasing hea t  r e s i s t a n c e  f o r  t h e  anaerobic  

spores  i n  atmospheres of a i r ,  helium, and vacuum i n  t h a t  o rde r  

were q u i t e  similar t o  those found f o r  t h e  mesophilic ae rob ic  
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sporeformers.  

appears t o  approximate t h a t  f o r  t he  l a t t e r  also. 

The q u a n t i t a t i o n  of t he  effects on resistance 

It should be noted t h a t  o t h e r  s t u d i e s  i n  which a i r  w a s  

d i sp l aced ,  such as spores  under m i n e r a l  oil and g l y c e r o l  (5% water  

p r e s e n t ) ,  i nd ica t ed  no s i g n i f i c a n t  increase i n  dry hea t  resistance 

of  - B. s u b t i l i s  var .  n ige r  and - B.  coagulans.  N o  d a t a  is presented 

here  because problems i n  t he  recovery of spores  from t h e  m i n e r a l  

o i l  were not  encountered. Fur ther  work on r e s i s t a n c e  i n  mineral  

oil is i n  progress .  

Some s t u d i e s  on des icca ted  spore s t r i p s  have shown no i n -  

crease in dry  hea t  resistance a t  120 C. Small scale s t u d i e s  

have been s t a r t e d  t o  determine whether spore s t r i p s  exposed t o  

var ious r e l a t i v e  humidi t ies  before  dry hea t  s t e r i l i z a t i o n  a r e  

more s u s c e p t i b l e  t o  d e s t r u c t i o n .  

S tudies  employing f reeze-dr ied  spores  of s e v e r a l  of t h e  

test organisms employed i n  t h i s  r e p o r t  i n d i c a t e d  that such 

prepara t ions  were very much less resistant t o  dry hea t  treatment. 
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VI-E DRY HEAT RESISTANCE OF BACTERIAL SPORES ENTRAPPED IN 
SOLID COMPOUNDS OR ON COMPONENTS 

The entrapemnt of spores  wi th in  s o l i d s  provides  a n  analogous 

s i t u a t i o n  t o  t h a t  e x i s t i n g  i n  a c t u a l  components, i . e . ,  t h e  spores  

a r e  i n  a cons t an t  l i m i t e d  atmosphere and a hea t  pene t r a t ion  

f a c t o r  is int roduced.  Spores of - B. s u b t i l i s  v a r .  n i g e r  have 

been entrapped i n  p l a s t e r  of Par i s ,  a sbes tos  patching cement, 

s o l i d  rocke t  p r o p e l l a n t ,  and var ious  d e n t a l  m a t e r i a l s .  The t i m e s  

f o r  s t e r i l i z a t i o n  and t h e  approximate D values  are l i s t e d  i n  

Table 9 f o r  c y l i n d r i c a l  p i eces  of t he  s o l i d s  t h a t  were exposed 

in t es t  tubes  i n  the heated aluminum blocks.  The samples were of 

a L ' r t s t a n t  weight f o r  each material, u sua l ly  about 1 gram. After 

the heat  treatment the  samples were a s e p t i c a l l y  ground a s  f i n e l y  

as p o s s i b l e  us ing  a stainless s teel  mortar and p e s t l e ,  and 

added t o  tubes of s te r i le  t r y p t i c a s e  soy bro th .  

done i n  s ter i le  hoods. Untreated inocula ted  c o n t r o l  samples 

were also assayed t o  a s s u r e  the  l e v e l  of contamination. 

c o n t r o l  tests were made t o  i n su re  t h e  absence of extraneous con- 

This work w a s  

Adequate 

tamination during the  assay procedures and l ack  of t o x i c i t y  from 

t h e  s o l i d s  added t o  t h e  s t e r i l i t y  tes t  medium. 

Some of t h e  D values  i n  Table 9 are t h e  h ighes t  y e t  found 

f o r  any known organism i n  or  an  any known c a r r i e r .  The v a r i a t i o n  

i n  D values  i n d i c a t e s  t h a t  t he  i n g r e d i e n t s  of s o l i d s  g iv ing  low D 
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values probably react w i t h  the spores dur ing  t h e  h e a t  cyc le ,  

i nc reas ing  t h e  rate of d e s t r u c t i o n .  

pene t r a t ion  w a s  approximately the same for a l l  of these materials 

and n e g l i g i b l e  i n  view of the times requ i r ed  for sterllizat€on 

( t y p i c a l  times are l isted i n  Table lo), the increased  D v a l u e s  

found for  the spores  i n  most of t h e  solids could only r e s u l t  

from t h e  presence of a p r o t e c t i n g  stable p h y s i c a l - c h l c a l  en- 

vironment around the spore. This s i t u a t i o n  would be i n  m a r k e d  

c o n t r a s t  t o  the condi t ion  of a spore i n  a vacuum and may exp la in  

Since t h e  lag i n  hea t  

i n  part why a heat t reatment  i n  vacuum is more deleterious than 

a hea t - t rea tment  i n  a i r .  

Limited i n i t i a l  s t u d i e s  have been made on t h e  d ry  heat 

s t e r i l i z a t i o n  of a c t u a l  e l e c t r o n i c  components Inocula ted  with 

spores  of - B. s u b t i l i s  var .  n ige r ,  

of var ious  times on the s u r v i v a l  of these spores entrapped fa 

se l ec ted  electronic cmponents is given Fn Table 11. 

concent ra t ion  w a s  g r e a t e r  than a m i l l i o n  per canponent. 

components were spot-contaminated Ln t h e  laboratory, L.e., taken 

a p a r t ,  contaminated, allowed t o  dry, then  sea l ed  over, or sealed 

together again and wera not contaminated dur ing  actual manufacture. 

The level of contamination was high 8s campared t o  the l e v e l  of 

The effects of heat treatment6 

The w e  

These 

contamination expected fo r  such canponents. hasa 80, it took no 

longer than 12 hours at 120°C to sterilize them; with t h e  single 
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exception of one r e s i s t o r .  

A very b r i e f  survey of two genera l  types of components on 

which s t e r i l i t y  checks were made showed that  three o u t  of e i g h t  

r e s i s t o r s  were contaminated and t h a t  both of the two c a p a c i t a t o r s  

checked were contaminated bu t  no t  t o  a very high degree.  

r e s u l t s  are i n  agreement w i t h  the  r e s u l t s  of t h e  screening  

programs on t h e  s t e r i l i t y  ( o r  contamination) of a c t u a l  components 

by t h e  F o r t  Det r ick  group (21)  and t h e  A i r  Force group (9).  

These 
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VI-F STUDIES ON THE RESISTANCE OF MICROORGANISMS IN SOILS TO 
DRY HEAT 

Comparative observa t ions  were made of c u l t u r e s  of t r e a t e d  

soils i n  t h i o g l y c o l l a t e  b r o t h  w i t h  analogous c o n t r o l  c u t t u r e s  

based on t h e  types  of organism predominating i n  t h e  s o i l .  It 

w a s  r e a d i l y  determined whether t hese  were predominantly ae rob ic  

o r  anaerobic and s i n c e  dup l i ca t e  samples were incubated a t  32OC 

and a t  55°C i t  w a s  easy enough t o  f u r t h e r  no te  whether such 

organisms were mesophilic or thermophilic.  No s p e c i f i c  s e l e c t i o n  

f o r  fung i  w a s  made i n  t h e  s t e r i l i t y  tests. 

The r e s u l t s  of screening var ious so i l s  w i t h  t h e i r  d i f f e r e n t  

n a t u r a l  microbia l  populat ions wi th  r e spec t  t o  t h e  resistance of 

such materials t o  dry  hea t  a s  a s t e r i l i z i n g  agent  are given i n  

Tables 12 and 13. These r e s u l t s  i nd ica t ed  t h e  following: (a )  

soil w a s  t he  most d i f f i c u l t  material to  s t e r i l i z e ;  ( b )  t h e  

mesophi l ic  aerobic sporeformers were the most resistant group of 

organisms i n  s o i l  (as w e l l  a s  on a l l  t he  o t h e r  carriers i n -  

v e s t i g a t e d ) ;  and ( c )  t he  v a r i a t i o n  of  microorganisms and t h e i r  

resistance i n  var ious  soils t o  dry hea t  does not  appear t o  be 

due t o  t h e  s e l e c t i v e  na tu re  o r  climatic environment of t h e  soil 

but  more l i k e l y  t o  t h e  p r o t e c t i v e  e f f e c t  of t h e  organic  matter, 

e s p e c i a l l y  since garden s o i l  a s  con t r a s t ed  t o  d r y  d e s e r t  s o i l ,  

which i s  exposed t o  a severe mvironment ,  appears  t o  have t h e  



-34- 

more r e s i s t a n t  microf lora .  

fungi" were no t  observed i n  t h e  soils screened. 

The commonly r e f e r r e d  t o  "resistant 

As mentioned previous ly ,  t he  two most resistant so i l s  FG 

and CO were s e l e c t e d  as a r e s u l t  of t h e  i n i t i a l  screening for  

f u r t h e r  r e s i s t a n c e  s t u d i e s  through t h e  temperature range of 

120 t o  160°C. 

The times f o r  s t e r i l i z a t i o n  of 0.1 g samples of s o i l s  M; 

I f  one and CO a t  s e v e r a l  temperatures a r e  given i n  Table 12. 

p l o t s  t he  D values  on t h e  log scale a g a i n s t  temperature on t h e  

l i n e a r  scale f o r  both of t hese  soils on t h e  same shee t  of  semi-log 

paper ,  a f a i r l y  l i n e a r  p l o t  i s  obtained wi th  a z value of ap- 

proximately 46. 

show t h a t  a cyc le  of 24 h r s .  a t  125 C may s t e r i l i z e  some soils, 

but would be bo rde r l ine  f o r  o the r  more r e s i s t a n t  s o i l s  o r  s o i l s  

containing a higher  l e v e l  of resistant organisms. 

Only t h e  r e s u l t s  at 120 C are askew. These d a t a  
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VI1 DISCUSSION 

It has been the major o b j e c t i v e  i n  th i s  s tudy t o  i n v e s t i g a t e  

d ry  h e a t  a t  r e l a t i v e l y  l o w  temperatures a s  a s t e r i l i z a t i o n  

process .  

of a l l  l i v i n g  organisms in their capac i ty  t o  wi ths tand  d e s t r u c t i v e  

agents .  The o r d e r  of d e a t h  by h e a t  i n  a bacterial popula t ion  i s  

supposedly logarithmic and is  a func t ion  of t h e  t ime-temperature 

r e l a t i o n s h i p  employed when a populat ion of  organisms i s  exposed 

t o  a lethal degree of hea t ;  t h e  populat ion decreases i n  an  o r d e r l y  

and p r e d i c t a b l e  manner u n t i l  nea r ly  a l l  of t h e  popula t ion  i s  

e x t i n c t .  Exceptions are noted i n  t h a t  a very f e w  organisms of 

t h e  populat ion may surv ive  longer than t h e  p r e d i c t e d  o r  c a l c u l a t e d  

time which would i n d i c a t e  t h a t  thermal d e a t h  t ime-temperature 

va lues  are dependent upon a v a r i e t y  of factors and a s  a consequence 

i t  is  d i f f i c u l t  t o  ob ta in  c o n s i s t e n t  da t a .  

Bacterial spores  are recognized as the most r e s i s t a n t  

N o t  the least important  of these factors is  t h e  thermal 

r e s i s t a n c e  of t h e  mic rob ia l  populat ion involved. 

widely from s p e c i e s  t o  spec ie s  and even w i t h i n  a s p e c i e s  and also 

w i t h i n  a given spore  populat ion.  

and i n  p a r t i c u l a r  bacter ia l  spo res ,  t o  dry  h e a t  s t e r i l i z a t i o n  has  

long been known. A review of t h e  l i t e r a t u r e  has  shown t h a t  no t  

only i s  t h e r e  a l a c k  of sys temat ic  s tudy on dry  h e a t  d e a t h  

t ime-temperature r e l a t i o n s h i p s ,  b u t  t h a t  t h i s  i s  e s p e c i a l l y  t r u e  

Res is tance  v a r i e s  

The unusual r e s i s t a n c e  of b a c t e r i a ,  
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at temperatures below 150°C 

Since the principles and applications of dry heat for ef- 

fective sterilization should be based on the resistance of 

microorganisms the expansion of this area of knowledge is of 

foremost importance. 

The only single practical criterion of the resistance of 

microorganisms is the death of the organisms or their failure 

t o  reproduce when, to the best of existing knowledge, conditions 

suitable for reproduction are provided. 

fails to grow (or show evidence of growth) it is considered dead. 

This is the primary assumption involved in such studies. 

case at hand we are not so much concerned with elaborating what 

led to the death of the organism as we are with establishing the 

reliability of its kill with dry heat. 

Thus, when an organism 

In the 

Employing the time-elaborated concepts of thermal death 

time, we attempted to obtain data in the temperature range mentioned 

which could then be used to postulate reliable sterilization cycles. 

We have employed the conventional terms and values initiated 

by the food industry to describe the resistance of the organisms 

studied . 
Specifically, this study elaborates the resistance of several 

bacterial spores in air at temperatures from 80" to 160°C on 

various carriers, under various environments. The D and F values 
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do support  each o t h e r  and lend credence t o  t h e  logar i thmic  

dea th  rate concepts.  

w i th  t h e  experimentally found s t e r i l i z a t i o n  endpoints  show good 

agreement f o r  spore samples on paper s t r i p s ,  but  t h e  s o i l  samples 

and spore samples on g l a s s  o r  sand occas iona l ly  had s t e r i l i z a t i o n  

endpoints  smaller than t h e  ca l cu la t ed  F values.  

Comparisons of t h e  c a l c u l a t e d  F values  

C lea r ly ,  t h e  presence or  l ack  of a gaseous environment su r -  

rounding microbia l  spores  during dry hea t  treatment in f luences  

t h e  e f f i c i ency  of dry  hea t  as a s t e r i l i z i n g  agent .  The camposition 

and s t a b i l i t y  of t h e  environment of t he  spores  is importand and may 

be t h e  factor respons ib le  f o r  t he  high dry h e a t  r e s i s t a n c e  of 

spores  on sand, i n  s o i l  samples, and imbedded i n  s o l i d s .  

The adequacy of  t h e  proposed 24 h r  dry hea t  cyc le  a t  l25OC 

is t o  be quest ioned,  i n  the  l i g h t  of t h e  times it t akes  t o  

s t e r i l i ze  t h e  more r e s i s t a n t  soil samples and t h e  degree of a s s u r i t y  

desired so as no t  t o  contaminate extraterrestrial bodies.  

o t h e r  primary f a c t o r  t o  be concerned wi th  t h e  adequacy of such a 

cyc le ,  as wi th  any cyc le ,  is  that of hea t  pene t r a t ion .  

s i g n i f i c a n t  b a r r i e r  t o  hea t  pene t r a t ion  would prove t h e  proposed 

cyc le  inadequate.  

spore samples on sand and vermicul i te  and spores  imbedded i n  s o l i d  

materials tend t o  approach t h e  values  of resistance of s o i l  samples 

t h e r e  i s  s t i l l  q u i t e  a gap which could be construed perhaps as a 

The 

Any 

It must also be mentioned t h a t  a l though t h e  
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s a f e t y  f a c t o r .  These factors can be q u a n t i t a t e d  and taken i n t o  

account when formulat ing a d e s i r e d  cyc le .  The d a t a  for t h e  

range of temperatures  i n v e s t i g a t e d  w i l l  al low some l a t i t u d e  i n  

eva lua t ing  such time-temperature regimens which can be r e l i e d  

upon t o  accomplish t h e  degree of  s t e r i l i t y  d e s i r e d .  

Another concept concerning t h e  d e a t h  of bacteria which 

should be kep t  i n  mind i s  t h e  concept of p a r t i a l  s t e r i l i t y  based 

on t h e  fact  t h a t  s te r i l i t i es  are a d d i t i v e .  I f  t h e  proposed 

c y c l e  is t o  be app l i ed  t o  components of space craf t  p r i o r  t o  

assembly of t h e  space c ra f t  and i f  t he  e n t i r e  space craft  is t o  _ -  

be te rmina l ly  t r e a t e d  w i t h  such a c y c l e  then t h e  adequacy of any 

combination of c y c l e s  can be i n t e r p o l a t e d  mathematical ly ,  

It is  r e a d i l y  apparent  from a l l  of t h e  s t u d i e s  which have 

been made, inc luding  t h i s  one,  t h a t  t h e r e  a r e  a great number of 

f a c t o r s  which p lay  a p a r t  i n  t he  thermal r e s i s t a n c e  of micro- 

organisms to dry heat and that these are no t  easy t o  e l u c i d a t e  

or  d e f i n i t i v e l y  eva lua te .  S tud ie s  i n  such areas would appear  t o  

be insurmountable b u t  are nonethe less  v i t a l  t o  a n  understanding 

of t h e  phenomena and t h e  reliable a p p l i c a t i o n  of thermal c y c l e s  

t o  achieve s t e r i l i t y  under va r i ed  cond i t ions  f o r  a v a r i e t y  of 

materials. 
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VI11 FUTURE WORK 

Since the completion of this contract, a new contract (NASw-550) 

extending the investigations reported here has been entered into 

and is currently underway. 

The areas of investigation under this new contract are mentioned 

in the Statement of Work of that contract but are briefly outlined 

below: 

1 - Conduct thermal-death-time, including survivor curve 
studies with 

pure cultures at various temperatures within the 

range of interest and primarily at 125, 135, and 

145 "C. 

soils contaminated with the more resistant organisms, 

both pure and mixed cultures at various levels of 

contamination (including some that are normally con- 

taminated). 

the above samples under various environmental con- 

ditions, in order to better evaluate the reliability 

of applying any heat cycle for the purpose of 

sterilization. 

2 - Conduct sterilization studies on contaminated materials 
of construction or actual electronic components to verify 

any considered cycles, only as needed to back up the above. I 



3 - Conduct s tudy on materials of cons t ruc t ion  and a c t u a l  

components so as t o  group or c l a s s i f y  them as t o  

app l i cab le  method of s t e r i l i z a t i o n .  

4 - Another area of i n v e s t i g a t i o n  which was i n i t i a t e d  near 

t h e  end of  t h e  previous c o n t r a c t  and extended i n t o  t h e  

new one was t o  determine how much, i f  any, better than 

a d d i t i v e  effect might be achieved by canbining a dry  

h e a t  and i r r a d i a t i o n  treatment. Fur ther  work on t h i s  

might prove f r u i t f u l  i n  t h e  development of an a l t e r n a t e  

s t e r i l i z a t i o n  procedure for  certain cmponents .  

5 - To cont inue i n v e s t i g a t i o n  of t h e  b i o l o g i c a l  factors t h a t  

in f luence  t h e  dry hea t  r e s i s t a n c e  of spores  such as t h e  

growth and sporu la t ion  media, recovery media, etc. 
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FIGURE 1. RESISTANCE OF DRY SPORES FROM TWO 
BACTERIAL SPECIES TO DESTRUCTION BY DRY HEAT. 
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TABLE 5 

D values (in hours) for dry heat sterilization at temperatures below 12OOC 
1248°F) of spores of several bacterial species dried on paper strips. 

Organisms 80°C ('176'F) 100°C (212°F) 
Temperature 

D value* F value** D value F value 

B. - 
B. - 

B. 

C. 

I 

- 

subtilis var.niger 
Spore harvest A 70 

stearothermophilus 1518 

Spore harvest A 29 

coagulans WH-9 

sporogenes- (PA 3679) 

Spore harvest B 13 

480 9.5 66 

210 

112 

3.3 

11 

1.6 

23.3 

77 

14.5 

* D values were calcualted fran the equation of Stumbo (27). 
** F values were calculated from the equation of Schmidt (25) 
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TABLE 6 

D values ( i n  hours) for  dry heat s t e r i l i z a t i o n  a t  temperatures above 12OoC 
(248'F) of spores of  several bacter ia l  species dried on paper strips. 

Temperature 
Organisms 14OOC (284 OF) 160OC (320'FL 

D value* F value** D value F value 

- B .  s u b t i l i s  var.niger 

Spore harvest D 0.11 0.77 0.02 0.13 

B .  stearothemophilus - 1518 

Spore harvest C 0.04 0 .3  0 . 009 0.06 

- B .  coagulans WH-9 0.11 0.76 0.03 0.20 

it D values were calculated from the equation of Stumbo (27). 

*+ F values were calculated from the equation of Schmidt (25) 
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TABLE 7 

Effect of vacuum during dry hea t  s t e r i l i z a t i o n  on t h e  
d e s t r u c t i o n  of b a c t e r i a l  spores  a t  12OOC (248OF). 

Organisms 
D values  ( i n  hours) 

A i r  and v C U M +  
Atmospheric (loo* t o  lo'% Ha) 

Paper strips 

B. s u b t i l i s  var .  n i g e r  
Spore harves t  B 
Spore harves t  C 

- 

- B. s u b t i l i s  5230 
Spore harvest  C 

- B. coagulans WH-9 

S o i l  i s o l a t e  44-X 
Spore harves t  B 

ET0 isolate-'JG 

B. s u b t i l i s  v a r  n i g e r  
Spore harves t  C 

- 
- B. coagulans WH-9 

S o i l s  - 
FG 

0.91 
0.63 

0.48 

0.96 

0.43 

0.74 

1.3 

1.2 

0.30 
O . b f  

0.24 

0.60 

0.26 

0.47 

0.60 

0.56 

8.9 9.4 

co 8.7 9.3 

* Tne samples were exposed i n  a pre-neated vacuum oven and t n e  t imes 
of exposure were based on t o t a l  time i n  oven. No c o r r e c t i o n  nas been 
made for l a g  time t o  reacn exact temperature and vacuum. 
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TABLE 8.  
D values ( i n  minutes) for dry heat steri l izat ion at  248F 

(120C) of Clostridial spores dried on paper strips under various 
environments 

D value (min.)  i n  Environment* 

Organism A i r  Dry Helium Vacuum 
Atmospheric Atmospheric 100-209 Hg 
pres sure pressure 

L C. sporogenes [PA 3679) 16.9 

- C. perfringens 8.3 

9.1 5.7 

4.0 2.0 

* D Values were calculated from the equation of Stumbo (27) 
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TABLE 9 

Thermal dea th  times and D values  ( i n  hours)  a t  
248F(120C) f o r  spores  of E. s u b t i l i s  var .  n i g e r  entrapped i n  

s e v e r a l  s o l i d s .  

Canpound Time t o  
s t e r i l i z e  

D value* 

__ - 

Sol id  rocke t  p rope l l an t  

Asbestos patching cement 

P l a s t e r  of P a r i s  

Glue-base marble patching p l a s t e r  

Dental materials: 
In l ay  investment A 
In lay  investment B 
In l ay  d i e  material 
Bridge model material 

24 

20 

12 

30 

4.5 
30 
36 
30 

2.5 

2.1 

1.7 

4.0 

0.6 
3.2 
3 -6 
1.6 

* The D values  were ca l cu la t ed  from l e v e l s  of spore contamination found 
by assay of t h e  s o l i d  m a t e r i a l s .  The weight of samples f o r  a given solid 
was held cons tan t  and was i n  the  range of 0.5 t o  1.5 g f o r  all materials. 
The spore counts i n  these  materials ranged from 2 x 106 t o  5 x lo7 
per  gram of d r y  material. Samples solidified around thermocouples showed 
that a l l  s o l i d s  reached temperature i n  10 min. 
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TABLE 10 

Heat pene t r a t ion  s t u d i e s  f o r  the  dry hea t  s t e r i l i z a t i o n  
a t  248F(120C) of t h e  var ious carriers and samples employed 

I i n  t h i s  study. 

: Type of Sample. Average time (!2n hours)  for  
sample t o  r each  120C from 
ambient i n  t e s t e d  aluminum blocks.  

.. 
Spore s t r i p  i n  tube c cap 0.03-0 . 07 
'Glass tube cap 0.03-0 . 07 
0.1 g sand i n  tube 5 cap 0.07-0.09 

,2.0 g vermiculite in tube S cap 0 . 08-0 . 10 
1.0 g c y l i n d e r s  of s o l i d s  i n  tube E cap 

13.0 g c y l i n d e r s  of s o l i d  p rope l l an t  i n  tube 5 cap 

6 inch  cubes of s o l i d  p rope l l an t  

0.165 

0.34 

6.0 ( c a l c u l a t e d )  
I 

* Tests were made employing a Minneapolis-Honeywell Brown Universal  
E lec t ron ic  potentiometer and recorder  ( type 153) wi th  t h e  use of i ron-  
constantan thermocpuples embedded i n  the sample and under a c t u a l  
bxperirnental condi t ions .  
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TABLE 11 

Effect of dry  hea t  t reatments  a t  248F(120C) on t h e  s u r v i v a l  
of spores  of c B. s u b t i l i s  var .  n ige r  i n  selected e l e c t r o n i c  components.* 

Component 

3 P e  Code 

Time of h e a t  treatment 

12 hours 18 hours 24 hours 

tec t i f  ier 

iapscitor 118P2559652 

11 118P2059252 

I 1  150D156X0035R2 

II CM20C-51QJ 

IN 538 

Gas Connector 

Switch 

S t a r t e r  

0 /2  

0 /2  

0 /2  

1 From t h e  q u a n t i t i e s  of spore prepara t ton  added, i t  is  est imated t h a t  
each component w a s  contaminated w i t h  more than 1 m i l l i o n  spores .  

t+ Resul t s  are given as number of p o s i t i v e  samples pe r  t o t a l  number of 
samples t r e a t e d .  
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APPENDIX A 

DOSE CALCULATIONS FOR DRY HEAT STERILIZATION 

Any c a l c u l a t i o n  of dose requirements f o r  dry  h e a t  s teri l-  

i z a t i o n  should be based,  u n t i l  proven o therwise ,  on concepts  

s i m i l a r  t o  those  app l i ed  t o  t h e  thermal s t e r i l i z a t i o n  of foods. 

A thorough review of mechanism of death, o rde r  of dea th ,  and 

mathematical  cons ide ra t ions  fo r  dose c a l c u l a t i o n s  f o r  mic rob ia l  

d e a t h  cannot be given i n  t h i s  brief d i scuss ion .  

w i t h  these concepts  can be obtained from the chap te r  on thermal 

r e s i s t a n c e  of microorganisms by C .  F. S c h i d t  i n  Reddish (25 ) .  

Esty and Meyer (13) repor ted  t h e  d a t a  upon which is  based 

More c o n t a c t  

t h e  "classical" thermal dea th  time curve f o r  t h e  maximum r e s i s t a n c e  

of spores  of - C .  botulinum i n  phosphate b u f f e r .  The max imum 

r e s i s t a n c e  of spores  of - C. botulinum from the c l a s s i c a l  thermal 

d e a t h  t i m e  curve was equal  t o  2.78 minutes a t  250°F. Late r  

Townsend, Esty and Base l t  (28)  co r rec t ed  t h i s  f i g u r e  t o  2.45 

minutes by applying a c o r r e c t i o n  f a c t o r  t o  account fo r  come-up 

time i n  t h e  o r i g i n a l  de te rmina t ions .  Based upon t h e  2.78 va lue ,  

i t  w a s  then ,  and s i n c e  has  been accepted i n  t h e  canning indus t ry  

t h a t  t h e  m i n i m u m  process  l e t h a l i t y  fo r  nonacid canned foods (above 

pH 4 .5)  s h a l l  be equ iva len t  t o  3.0 minutes a t  250°F a s  c a l c u l a t e d  

from h e a t  p e n e t r a t i o n  d a t a .  

I n  more recent yea r s  much of t he  work i n  thermal resistance 
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has been expressed i n  terms of D values  o r  t h e  t i m e  requi red  

t o  reduce a populat ion 9044, assuming approximately logar i thmic  

rates of d e s t r u c t i o n .  

t h e  classical  curve s ince  the  determinat ions of Esty and Meyer 

(13) were made a t  a spore concentrat ion of 60 b i l l i o n  p e r  tube.  

While t h e  number of tubes used f o r  each t ime-temperature w a s  

no t  s p e c i f i e d ,  i f  only one tube were used t h e  spore load would 

be 1010*7; if s e v e r a l  tubes were used i t  would be 

g r e a t e r .  

r ep resen t s  a t i m e  a t  which less than one spore would su rv ive ,  

w e  may say t h a t  t h e  F value r ep resen t s  t h e  d e s t r u c t i o n  of ap- 

proximately 1OI2 spores .  

expression of t h e  r e s i s t a n c e  of t he  suspension, i n  t h e  c l a s s i c a l  

We may now estimate t h e  D250 value for  

o r  s l i g h t l y  

Since t h e  F value of a thermal dea th  t i m e  curve 

I n  o t h e r  words, t he  F va lue ,  as an  

curve r ep resen t s  t h e  hea t  treatment s u f f i c i e n t  t o  reduce t h e  

inoculum through 12 log cyc les .  

by Townsend -- e t  al. ( 2 9 )  i n  A Laboratory Manual for the Canning 

Indus t ry ,  while  t he  number of spores  used by Esty and Meyer (13) 

i n  t h e i r  TDT runs was 6 x loLo, t h e i r  thermal dea th  t i m e s  were 

based on complete d e s t r u c t i o n .  It  i s  now customary t o  assume 

t h e i r  c l a s s i c a l  TDT curve r e s u l t e d  i n  reducing 1 x 1 O I 2  spores  

t o  one spore or t h a t  F = 1 2 D .  

c a l c u l a t e  t h a t  the  c l a s s i c a l  D2s0 I 0.204 minutes.  

As s t a t e d ,  perhaps more b r i e f l y  

From F I 1 2 D  I 2.45 minutes w e  may 

I f  i t  was des i r ed  t h a t  this one  surv ivor  from the inoculum 

of 10l2 spore should have only one chance i n  10,000 of su rv iv ing ,  
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1 

a t o t a l  i n a c t i v a t i o n  dose of 16 D (16 x 0.204 minutes) o r  3.26 

minutes a t  250 F would have t o  be given. 

spores  of - C .  botulinum i n  a can of food before  thermal processing 

r a r e l y ,  i f  e v e r ,  exceeds a 1000 t o  10,000 spores .  Thus, i f  t h e  

can r ece ives  a dose of 12 D ,  t h e  p r o b a b i l i t y  of a surv ivor  i s  loo8 

t o  10-9. 

any dea ths  from - C. botulinum i n  foods canned i n  t h e  U. S. i n  t h e  

last  t h i r t y - f i v e  years .  

Actua l ly ,  t h e  load of 

This i n t e r p r e t a t i o n  w i l l  expla in  why t h e r e  has  n o t  been 

Dry hea t  D va lues  may be ca l cu la t ed  from p a r t i a l  surv ivor  data 

using t h e  equat ion t h a t  Stumbo (27) has appl ied  t o  d a t a  from moist  

hea t  s tud ie s :  

where A i s  t h e  t o t a l  number of samples heated 
m u l t i p l i e d  by t h e  number of spores  pe r  sample, 
B w a s  c a l c u l a t e d  by assuming one surv iv ing  
spore pe r  con ta ine r  when less than t h e  t o t a l  
con ta ine r s  showed s u r v i v a l ,  and t was exposure 
t i m e  a t  a given temperature.  

This equat ion has been used q u i t e  ex tens ive ly  for  t h e  cal- 

c u l a t i o n  of moist hea t  and r a d i a t i o n  D values  by c u r r e n t  i n v e s t i g a t o r s  

and has  been app l i ed  t o  d a t a  i n  t h e  l i t e r a t u r e  which are amenable 

t o  c a l c u l a t i o n .  The a p p l i c a t i o n  of t h i s  formula t o  p a r t i a l  surv ivor  

d a t a  assumes an approximately logari thmic rate of d e s t r u c t i o n ,  It 

is acknowledged t h a t  surv ivor  curves  from moist  hea t  OK r a d i a t i o n  

s t u d i e s  have been obtained which dO no t  show a logar i thmic  order  

of death ,  but  i t  i s  known t h a t  many surv ivor  curves  show t h i s  
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order  o r  a very c l o s e  approximation of i t .  

surv ivor  curves  of t h e  o rde r  of dea th  f o r  dry  hea t  has been 

inves t iga t ed  i n  our dry hea t  s t u d i e s  bu t  only f o r  a l i m i t e d  

number of organisms and only on one carrier (paper s t r i p s ) .  

These curves after a s h o r t  l a g  phase do show logari thmic dea th  

rates. The determinat ion of a surv ivor  curve in t roduces  many 

a d d i t i o n a l  f a c t o r s  which may determine s u r v i v a l  o r  d e s t r u c t i o n  

of t he  spores  in add i t ion  t o  the  exposure t o  t h e  l e t h a l  agent .  

Furthermore, it is  not  certain and probably indeterminable whether 

t h e  surv ivor  curve obtained by subcul ture  corresponds t o  t h e  

surv ivor  curve of t h e  organism i n  t he  presence of the  surrounding 

product.  I n  gene ra l ,  those moist  hea t  and r a d i a t i o n  surv ivor  

curves  which do not  show a logari thmic order  of dea th  have t h e  

The determinat ion by 

major d i s t o r t i o n  from l i n e a r i t y  i n  t he  f i rs t  log cycle of reduct ion .  

I f  t h i s  is  t h e  case, then D values  determined from p a r t i a l  s u r v i v a l  

a f t e r  8-9 log cycles of reduct ion  may provide a reasonably good 

estimate of r e s i s t a n c e  and have v a l i d  p r e d i c t i v e  value.  Schmidt 

and Nank (26)  a l s o  suggested t h a t  t he  v a l i d i t y  of r a d i a t i o n  D 

value c a l c u l a t i o n s  from end po in t  d a t a  ( t h e  use of t h e  Stumbo 

equat ion)  was supported by showing t h a t  the same r a d i a t i o n  D va lues  

could be c a l c u l a t e d  from i n i t i a l  inocula a t  least  100 f o l d  (2  

logari thms)  d i f f e r e n t .  With one suspension i n  whole kernel  corn 

and b r i n e  they found t h e  same ca lcu la t ed  D values  for inocula  of 

100 m i l l i o n  spores  p e r  can  and 1 m i l l i o n  spores  per  c a n .  It  i s  
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t h i s  l a te r  c r i t e r i o n  which has been employed i n  ou r  s t u d i e s  t o  

v a l i d a t e  t h e  D va lue  concept f o r  p r e d i c t i o n  of the s t e r i l i z i n g  

dose fo r  dry  h e a t  s t e r i l i z a t i o n .  

p r e d i c t i o n  w i l l  be made by doing su rv ivo r  curves  i n  t h e  near  

f u t u r e  fo r  o t h e r  dry-heat  r e s i s t a n t  microorganisms, poss ib ly  

Fur ther  support  fo r  t h i s  dose 

on var ious  carriers or under var ious  environments. 

The d a t a  i n  Table 1 of t h i s  appendix show a comparison of 

D va lues  f o r  3 l e v e l s  of spore  inocula  for - B. s u b t i l i s  va r .  n ige r .  

There is good agreement among D va lues  f o r  each l e v e l  of temperature.  

These r e s u l t s  support  t h e  argument t h a t  t h e  s u r v i v a l  curve f o r  

t h i s  organism i s  approximately logar i thmic .  I n  a d d i t i o n ,  F va lues  

(time fo r  s t e r i l i z a t i o n )  were c a l c u l a t e d  from t h e s e  d a t a  us ing  

t h e  equat ion  t h a t  Schmidt has descr ibed  i n  h i s  chap te r  i n  Reddish (25) 

F - D (Log A+2)  

where A equa l s  t he  number of spores  per  
replicate.  

Schmidt (personal  conversa t ion)  has expressed t h i s  equat ion  

i n  a more gene ra l  form: 

F P D (Log M - t l )  

where M i s  equal t o  t h e  number of spores  
p e r  r e p l i c a t e  t i m e s  t h e  number of r e p l i c a t e s .  

Our d a t a  show f a i r l y  good agreement between t h e  c a l c u l a t e d  

F va lues  and those  found experimental ly .  
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The d a t a  i n  Table 2 of t h i s  appendix show a comparison of D values  

f o r  d i f f e r e n t  l e v e l s  of spore inocula  f o r  - B. coagulans WH-9 found 

a t  var ious temperatures.  This  supplements the agreement obtained 

among D values  found i n  Table 1 for  - B. s u b t i l i s  var .  n i g e r  and suppor ts  

t h e  argument that  the eu rv iva l  curve f o r  these organisms is  approx- 

imately logair thmic and t h e  v a l i d i t y  of applying such c a l c u l a t i o n s  

f o r  p red ic t ing  s t e r i l i z a t i o n  values.  

D values  are independent of spore concent ra t ion ,  tney are dependent 

on tne  type of spore carrier, 

It should be noted that al thougn 

I n  Table  3 t n e  est imated time f o r  s t e r i l i z i n g  w i t n  dry  nea t  (!F va lues )  

i n  a i r  are given f o r  var ious  contamination l e v e l s ,  f o r  s e v e r a l  micro- 

organisms and s o i l s .  Tnese are t n e  pred ic ted  times requi red  a t  125% 

(257.F) t o  s te r i l i ze  t n e  prepara t ion  noted, 

are dependent bo tn  on t n e  spore carrier and t n e  l e v e l  of spore contam- 

i n a t i o n ,  

t h e  h igher  l e v e l  of spore contamination inves t iga t ed  can be s t e r i l i z e d  

i n  less than 24 hrs, However, the two soils noted cannot be s t e r i l i z e d  

a t  t h e  lower l e v e l  of spore contamination l e t  a lone  t h e  h igher  l e v e l .  

The estimated times (F va lues)  requi red  t o  s t e r i l i z e  t h e  two more 

Tne est imated F values  

All of the more resistant bacterial spore p repa ra t ions  a t  

r e s i s t a n t  soils wi th  dry hea t  i n  a i r  are given i n  Table 4.  

given f o r  two l e v e l s  of spore contamination and f o r  var ious  temperatures 

i n  t h e  range 125-16OOC (257-32OoF).'Ehese values  should hold reasonably 

w e l l  f o r  t he  des t ruc t ion  of any spore forming organisms a t  these  l e v e l s  

of contamination and temperature.  

They are 
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Another very important a spec t  i n  eva lua t ing  t h e  thermal 

r e s i s t a n c e  of microorganisms are t h e  recovery cond i t ions  and t h e  

recovery media employed for  t h e  t r e a t e d  cells. In t h i s  s tudy we 

u t i l i z e d  t h e  s tandard  s t e r i l i t y  test medium -- t h i o g l y c o l l a t e  b r o t h ,  

except in cases where i t  was shown not  t o  be t h e  optimum recovery 

medium. 

s e v e r a l  of t h e  more r e s i s t a n t  organisms. 

Table 5 of t h i s  s e c t i o n  and i n d i c a t e s  t h a t  t r y p t i c a s e  soy b r o t h  

g ives  better r ecove r i e s  ( L e .  l a r g e r  D v a l u e s )  than does 

t h i o g l y c o l l a t e  b r o t h  for t h e  mesophilic ae rob ic  organisms. 

v e s t i g a t i o n  of t hese  factors i s  being continued. 

We have made a comparison study of two media employing 

The d a t a  i s  presented i n  

In- 
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TABLE 1 

Comparison of dry hea t  D values  and experimental  and est imated dose 
l e v e l s  f o r  spores  of Be s u b t i l i s  var .n iger  determined f r q  

d i f f e ren t  spore Tnoculum l e v e l s  on paper strips. 

Level of S t e r i l i z i n g  dose l e v e l  D value* F value*+ 
Spore Temperature Time (hours)  (hours)  
Inoculum O C  O F  ( i n  hours)  

1, x r07 120 248 8-9 0.98 8.6 

120 248 6.5-7.5 0.92 7.1 1 x 10 

120 248 4 .5-5.5 0.85 5.3 3.5 x 10 

6 

4 

1 x 107 125 257 5.5-6.5 0.67 5.9 

1 x 106 125 257 5-6 0.64 5.0 

* D values  were c a l c u l a t e d  from p a r t i a l  s u r v i v a l  data using t h e  equat ion of 
Stumbo (27). 

* F values  were c a l c u l a t e d  using t h e  equation of Schmidt (25') and are f o r  t h e  
s p e c i f i c  l e v e l  of inoculum noted. 
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TABLE 2 

Comparison of dry hea t  D values and experimental  and est imated 

spore i n o c u l i i  l e v e l s  on paper s t r i p s .  
S t e r i l i z i n g  dose l e v e l  D value F value 

Leve l  of spore Temperature Time (hours ) (hours ) 

dose l e v e l s  f o r  spores  of B. coagulans WH-9 determined from d i f f e r e n t  

- 
inoculum O C  OF (hours) 

1 103 
8 1 x 10 

100 212 42-44 

100 212 96-120 

12.0 

11.0 

44 

107 

1 103 120 248 6.5-7.5 1.7 7.3 
8 1 x LO 120 248 17-18 1.9 18.5 

* D values  were c a l c u l a t e d  from p a r t i a l  su rv iva l  d a t a  using the equat ion 
o f  Stumbo (27).  

,* F values  were c a l c u l a t e d  using t h e  equation of Schmidt (25) and a r e  f o r  
the s p e c i f i c  l e v e l  of inoculum noted. 
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TABLE 3 

Estimated dry heat sterilizing times in air for various contamination 
levels and carriers for several microorganisgs and soils 

at 125OC (257OF) 
Preparation Level of spore Approximate Estimated time 

con taminat ion D values* for sterilization 
(hours) (F value)** (hours) 

Paper strips 

- B. subtilis var.niger 
Spore harvest B 

- B. coagulans WH-9 

Soil isolate 44-X 
Spore harvest B 

Sand 

- B. subtilis var.niger 
Spore harvest B 

- B, coagulans WH-g 

soil isolate 44-X 
Spore harvest B 

Soils (mesophilic 
population ) 

FG 

co 

1 x lo6 
1 109 

1 x 106 
I x 109 

1 x lo6 
1 109 

1 x 106 
1 x 109 

1 x 106 
1 109 

1 x lo6 
1 x 109 

1 x 106 
1 x 109 

1 x 106 
1 109 

0.62 

1.2 

0.44 

1.2 

1.6 

0.57 

4.0 

4.1 

4.3-5.0 
6.2-6.8 

8.4-9.6 
12-13.2 

3 1-3 .5 
4.4-4.8 

8.4-9.6 
12-13.2 

11 . 2-12.8 
16-17.6 

4.0-4.6 
5.7-6.3 

28-32 
40-44 

29-33 
41-44 

* D values calculated using the equation of Stumbo (271. 
b*  F values calculated using the equation of Schmidt (25)- 
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TABLE 4 

Estimated dry heat s t e r i l i z i n g  t i m e s  i n  a i r  for two 
s o i l s  a t  various temperatures. 

S o i l  Level of Temperature Approximate Estimated t i m e  
mesophilic spore O C  O F  D value+ for s t e r i l i z a t i o n  

contamination (hours ) ( F  value)+* (hours) 

FG 1 x lo6 125 257 4.0 28-31.5 
130 266 2.6 18.3-21 
140 284 1.1 7-7-9.0 
150 300 0.41 2.9-3.3 
160 320 0.13 0.9-1 . 1 

1 109 125 257 4.0 40-44 
130 266 2.6 26-28.6 
140 284 1.1 11-12 . 1 
150 302 0.41 4.1-4 -5  
160 320 0.13 1.3-1.5 

co 1 x lo6 125 257 4.1 28.6-32 7 
130 266 2.4 16.8-19.2 
140 284 1.1 7.7-8.8 
150 302 0.39 2.7-3.1 
160 320 0.19 1.3-1.5 

125 257 4 .1  41-45 
130 266 2.4 24-26.4 
140 284 1.1 11-12 
150 302 0.39 3.9-4.3 
160 320 0.19 1.9-2.1 

+ D values calculated using equation of Stumbo (27). 
* F values calculated using equation of Schmidt (25). 
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DESIGN OF THERMAL TEST UNIT 

A c y l i n d r i c a l  aluminum block equipped a s  shown i n  Figure 

2 of Appendix C, wi th  a covering lid, was t h e  major test u n i t  

employed i n  t h i s  work. 

element and a temperature r egu la to r .  

screw-cap tes t  tubes.  

when set  a t  any temperature from 100°C t o  160°C w a s  i n  t h e  

range of * O.5"C. 
ent i re  tube and i n  a l l  s ix  r e p l i c a t e  tubes and was monitored 

r o u t i n e l y  wi th  thermocouples and/or thermometers which were 

compared a g a i n s t  a c e r t i f i e d  thermometer. 

It was equipped wi th  a central hea t ing  

It can hold six 150 x 16 mm 

The temperature v a r i a t i o n  i n  t h e  u n i t  

The temperature w a s  uniform throughout t h e  

Other equipment and tes t  u n i t s  are descr ibed i n  t h i s  r e p o r t  

in t h e  s e c t i o n  i n  which they were s p e c i f i c a l l y  employed. 
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THERMOCOUPLES 

THERMOMETER (0.20 GRAD,) 

SCREW CAP 

TEST TUBE WELLS 
SAMPLE TEST TUBE 
WITH MONITORING 

THERMOCOUPLES 

THERMOMETER WELL 

HEATING ELEMENT- 

FIG. 2. CYLINDRICAL ALUMINUM BLOCK-DRY HEAT TEST UNIT 
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Several papers, oral and written, which are based on the work 

included in this report have been presented during 1961 and 1962. 

These are listed below: 

B ch, C. W., M. G. Koesterer, and M. K. Bruch. 1961. Studies on 
dry heat for the sterilization of components of astrobiological 
space probes. Paper given before the Central New York Branch, 
American Society for Microbiology, at Geneva, New York, 
November 18, 1961. 

I/r 
Koesterer, M. G., C. W. Bruch, and S. Feasy. 1961. Resistance of 

Paper bacterial spores to sterilization by moist and dry heat. 
given before the Central New York Branch, American Society for 
Microbiology, at Geneva, New York, November 18, 1961. 

ruch, C. W., and M. G. Koesterer. 1962. Studies on dry heat for J” the sterilization of electronic components of astrobiological 
space probes. (Abstr.) Bacteriol. Proc. A 47. Paper read at 
the 62nd Annual Meeting of the American Society for Microbiology 
at Kansas City, Missouri, May 9 ,  1962. 

Koesterer, M. G., and C. W. Bruch. 1962. Resistance of dry 
bacterial spores to sterilization by moist and dry heat. 
(Abstr.) Bacteriol. Proc. A 44. 
Meeting of the American Society for Microbiology at Kansas City, 
Missouri, May 9, 1962. 

Paper read at the 62nd Annual 

jruch, C. W., M. G. Koesterer, and M. K. Bruch. 1962. Dry heat 
sterilization: 
exobiological space probes. Developments in Ind. Microbiol. - 14 (In press). 

Its development and application to components of 

Smith, F. and M. G. Koesterer. 1962. The effect of various en- 
vironments on the resistance of dry bacterial spores to dry 
heat. (In press). 


